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I N T R O D U C T I O N 
GENERAL INTRODUCTION 
1-17 Extensive studies undertaken in recent years suggest 
similarity in many properties while differences in many others in 
molten salts and organic liquids, both providing the non-aqueous 
media for investigating the chemical interactions. Molten salts 
are known to provide the media and environment for even the 
1 18 
existente of complex ionic species of forced geometries * . 
Similarly, in organic liquid media some of the forced geometries 
have also been investigated. For example, tetra-alkyl-ammonium 
and phosphonium salts are known to force tetrahedral geometries 
in the case of nickel (II) ions while the same ion energetically 
prefers an octahedral structure in molten AlCl^ and NaAlCl^. It 
1 18 has been found * that the large cation-to-anion ratio of the 
alkyl salts force tetrahedral geometries in the case of manganese 
(II), iron (II), iron (ill), cobalt (ll), nickel (ll) and copper 
(II) ions. It has further been noted that in the case of 
chromium (III) ion which does not favour a tetrahedral structure 
on the consideration of energetics, refuses to even react when 
anhydrous chromium chloride is mixed with the molten tetra-alkyl 
hali.des. In addition, these alkyl salts of large cation-to-anion 
18 
ratios are also known to form glassy states with the transition 
metal ions referred to above. The investigations carried out in 
the glassy melts reveal ini ^iinations of significance which are 
otherwise not feasible in either the high melting salts or in 
: 2 : 
those of the organic liquid media. This has become possible 
because of the wide temperature range available for the physico-
chemical investigations starting from very low temperatures to 
much above the melting temperatures of the parent solvents. In 
view of this, the glass-forming tendencies of several types of 
salts were investigated; and it was found that the melting points 
of some of these salts bypassed without the expected crystalli-
sation on simple cooling of these pure melts while in others, 
such a situation arose only in the presence of a solute. The 
two types of salts in the molten state were, therefore, catego-
rised as 'inherent' and 'induced* glass-formers. The hydrate of 
calcium, cadmium, zinc, magnesium, etc. were found to belong to 
the former category while the tetra-alkyl-ammonium and phospho-
nium salts to the latter. The tetraalkyl ammonium and phospho-
nium salts were found to soften as the solute concentration 
[manganese (II), iron (II and III), cobalt (II), nickel (ll), 
and copper (II) ions] approached 20 mole percent or so and at 
about 33 mole percent the melt supercooled to the glassy liquids 
which were found to be highly viscous. Eventhough the coloured 
melts appeared completely transparent like any liquid but they 
were not liquids at the room temperature. Such wide varieties 
of melts rich in chemically significant treasure were employed 
for the spectral; transport (conductances, viscosities, surface 
tension, diffusion, etc.) thermodynamic; and ultrasonic velocity 
measurements. 
The optical spectra recorded were either characterised as 
due to the charge-transfer-to-solvent (CTTS) or the charge-
transfer of the transition metal complex ions, or those of the 
ligand-field (intraconfigurational-ad"^ < > Sd"^ ) transitions. 
The CTTS recorded in the glassy materials helped in comparing 
them with those of the crystalline sodium-, potassium-, rubidium-
and cesium- halides. The presence of charge-transfer bands 
provided information regarding the predominant covalent character 
in the metal-ligand bonds while those of the ligand-field (pro-
vided information) about the shape or the geometry of the transi-
tion metal complex ions. The charge-transfer bands are due to 
the transitions from the non-bonding orbitals of the central 
metal ions to those of the antibonding orbitals of the ligands. 
The 3d < > 3d transitions have either spin-allowed intense 
bands or spin-forbidden very weak bands. The latter weak bands 
suggest the presence of spin-orbit coupling as well as the 
distortion in the structure from a pure cubic geometry. The 
assignment of the ligand-field bands were made by constructing 
the energy-level diagram employing the spin-orbit coupling, ligand-
field strength, and the two electron-electron repulsion parameters. 
The temperature and composition dependences of transport 
properties like electrical conductances and viscosities (or 
1—17 fluidities) were examined in terms of the three current models 
based either on the free-volume (Doolittle and Vogel-Tamman-
Fulcher, VTF equations), the cooperative rearrangement (or confi-
• 4 • 
guration entropy model, CEM) or the environmental relaxation 
(ERM) models. The first two were applied to melts exhibiting 
non-Arrhenius behaviour while the third was employed to explain 
the presence of Arrhenius as well as non-Arrhenius behaviour in 
the molten salt systems over a wide range of temperature starting 
from much below the melting points of the parent solvents to 
higher temperatures of stability of the molten salts. 
19 According to Cohen and Turnbulls' free volume model the 
flow processes take place by the movement of molecules into 
voids, the size of which is greater than some critical value, 
created by the redistribution of free volume. They obtained the 
expression, 
D = ga u exp [-v /v^] 
= ga*(3kT/m)^/^ exp [-Yv*/av^(T-T^)] (1) 
for the diffusion coefficient, D. In this equation g is a 
geometric factor, a approximates to the molecular diameter, 
Y is a numerical factor meant to correct the overlap of free 
volume, V is the critical void volume, v^ is the average free 
volume: a and v^ are the mean values of the coefficient of 
m 
thermal expansion and the molecular volume over the entire range 
of temperature of measurement, respectively. To is the tempera-
ture at which the free volume vanishes. 
20 In view of the Stokes/Nernst-Einstein equations, Angell 
transformed Eq. (1) into Eq (2), 
: 5 : 
Y (=fluiciity or conductances)= AYT" ' expC-ky/Cl-T^) ... (2) 
in which Ay and k^ are the constants characterstic of the 
transport processes and the chemical system while T^ is the 
glass transition temperature at which the mobility of the flow-
ing entities ceases. 
21 Adam and Gibbs defined a cooperatively rearranging 
region as a sub-system of the sample which upon sufficient 
fluctuation in energy can rearrange into another configuration 
independently of its environment. According to them at T , the 
cooperatively rearranging region possesses the average transition 
probability, w(T) which may be expressed as 
w(T) = A expi- iC^\i S*^/kT S^ (3) 
in which A is a frequency factor, ^\i is the free energy barrier 
per mole of particles opposing the cooperative rearrangement, 
S* is the minimum configurational entropy which a region of the 
liquid must possess for undergoing cooperative rearrengement, 
k is the Boltzmann constant and S is the configurational entropy 
of the macroscopic system. By making the approximation, 
S ^ ^C In T/T , where 2^C^ is the change in the heat capacity 
at T , Eq (3) assumes the form 
w(T) = A exp [- Api S*^/kT Z^ C„ In (T/T^)j (4) 
w p O 
which may be rearranged, 
Y = A^ exp [-ky/T In (T/T^)] (5) 
: 6 : 
in which k„ = ^|i S* /k AC and w(T) is proportional to 
I C ^ 
Y(=fluiciity ox equivalent conductance). 
In spite of the adequate applicability of the free volume 
as well as of the configurational entropy models in explaining 
the fluidities (0) and conductances (A) of molten salts and 
the glassy materials, they failed to account for the overall 
behaviour of the molten salt systems covering both the Arrhenius 
and the non-Arrhenius region of a given set of data. In pursuance 
22 
of explaining such mixed be!iaviours Simmons and Macedo pro-
posed a theoretical model, designated as the environmental 
relaxation model by correlating the supercritical fluctuation 
theory of Ornstein and Zernike to the distribution of relaxation 
times and that of the activation energies. This model is, thus, 
meant to account for the Arrhenius behaviour at high temperatures, 
non-Arrhenius behaviour in the intermediate temperature region 
followed by a return to an Arrhenius behaviour again in the 
vicinity of T^. According to the ERM, the viscosities and the 
conductances are finally expressed as 
m Y = i m (G„A)Yi[EY+ I C^ Yt^ o'^ /T/+ ^1^(7-7^)"^)]^^^]/^ ..(6) 
in which the positive sign refers to the viscosity while nega-
tive to that of the equivalent conductance. G is the shear 
(rigidity) modulus of the melts, and A is an empirical parameter. 
The other symbols have their usual significance as contained in 
22 the cited reference 
In an effort to examine the status of the three current 
• 7 • 
• / • 
23 
models, it was found that the ideal glass transition tempe-
rature, T being thermodynamic in nature and characteristic of 
the system is the only parameter common to all the three current 
models. It does not depend upon the property determined (i.e. 
fluidity or conductance) or the models employed (i.e., VTF, 
CEM, E R M ) . It refers to the extent of cooling required to 
reach the limiting state of zero free volume and hence mobility. 
The free volume has been found to decrease with increase in the 
solute concentration, and therefore, less cooling needed to 
reach the amosphous phase at higher concentrations than those 
at lower concentr^itions support the trend of increase in the T 
values with increase in solute concentration. 
Th e exponential parameter, ky is common to the VTF and the 
CEM equations and does not depend upon the model employed. But, 
20 it does depend upon the property which is measured. Angell 
24 
and Moynihan suggested the values of ky as equal to 700 and 
600 K for the viscous flow and conductance, respectively as 
envisaged by the Cohen and Turnbull's hard sphere model . 
Therefore, the ky term was selected in such a manner so as to 
correspond to an almost coiibtant value. 
The pre-exponential Ay term of the VTF and the CEM models 
have been found to depend on the properties recorded (i.e., 
where viscosities or conductances) as well as on the model 
employed. It is also a characteristic of the system studied. 
: 8 : 
The pre-exponential term of the CEM equation turns out 
to be proportional to the modulus of rigidity of the system 
(i.e., Ay' f>C 1/G^) • 
The values of the conventional activation energies (Ey) 
were obtained from the corresponding derivatives, dlnY(=0 orA)/ 
d(l/T) using the best fit parameters of the VTF, the CEM and 
the ERM equations. The Ey values were corrected by adding 
^ RT for plotting Ey versus (T/(T-T^)]^ to see the sensitivity 
to the most appropriate choice of T . The experimental values 
of the energies of activation were obtained from the correspond-
ing tangent values of the Arrhenius plots, In Y versus 1/T. It 
23 has been found that the Ey values computed from the ERM 
equation are comparatively more close to those of the tangent 
values (i.e., the experimental values) than those computed 
either from the VTF or the CEM equation especially at low tempe-
ratures. According to the free volume model the increase in 
Ey with decreasing temperature is due to a successive decrease 
in the free volume of the system. Consequently, the much decrea-
sed free volume demands a relatively high value of activation 
energy for both the viscous as well as the conductance flows at 
lower temperatures. Similar explanation may be offered in the 
case of CEM. As the free volume approaches zero at T , the 
system becomes more rigid and the configurational entropy 
approaches a minimum value due to an almost perfect structural 
alignment. This state of the system acquires a high value for 
: 9 : 
the intermolecular forces which inturn, is apparently respon-
sible for the high value of Ey* Similar expl«unation has also 
been offered for the increase in Ey with the solute concentration. 
The concentration dependence of transport properties 
(T) or A ) of molten salt systems were examined successfully 
in terms of essentially an isoenergic as well as an isentropic 
equations. These equations were essentially based on accounting 
for the concentration dependences of the pre-exponential factor 
as well as that of the T^ values. Also, instead of T^ alone a 
o o 
constant T/T C=c) resulted in better mathematical fit of the 
data. Thus, addition to some meaningful or physically under-
standable relationships obtained between Ay and T , Ay on G~ , 
G on T~ or G on v., and E ^^ on T^ or v7 , the importance 
oo o oo I corr o r 
of choosing T/T as a better corresponding state for the compa-
rison of liquid properties has been noteworthy. 
In addition to the above models most extensively been 
employed in the cases of molten salt systems, the modified 
Hildebrand equation, 0 (fluidity) = B[(V/VQ)"-1] has been found 
to explain the fluidity behaviour of all sorts of liquids 
(organic liquids) including the highly associated ones as well 
as those of the molten salt systems. The parameter 'n' turned 
out to be a sort of measure of the extent of association. 
Some of the thermodynamic functions like enthalpy, free 
I 10 I 
energy, entropy, excess volume, etc. have been evaluated by 
employing essentially the flory statistical theory. These 
quantities have been obtained for the binary, ternary, and 
quarternary organic liquid mixtures. Attempts are afoot to 
apply the above theory in the cases of multicomponent molten 
salts' systems as well. 
Thus, keeping in view the above consideration for finding 
some similarities in the behaviour of the multicomponent systems 
of organic liquids as well as of molten salts, both being non-
aqueous, a preliminary examination of the physico-chemical beha-
viour of pure, bicomponent, and tricomponent non-aqueous systems 
has been undertaken. This was done with a view to examining 
the feasibility of these models through simple systems and 
thus standardizing the techniques employed for the purpose. 
Consequently, cycohexane, n-hexane, and n-heptane were chosen 
to achieve the said goal before actually applying them to the 
multicomponent systems of molten salts. 
INTRODUCTION 
The molecules in liquid have simultaneous contacts with 
several neighbours so that the equillibrium properties of 
liquid depend on its local structure, i.e., packing density 
and free volume. This local structure depends on the inter-
molecular interactions and on the form and volume of the mole-
cules in general and will change with the composition. This 
change in turn will influence thermodynamic properties of 
liquid mixtures. 
Density and viscosity measurement of binary liquid mixture 
enabled many to investigate the intermolecular association 
or dissociation and to correlate them with their excess thermo-
dynamic properties. 
30 
Ramanjaneyulu and Krishnaiah employed the absolute 
reaction rate theory to several binary mixture and reported 
negative values of viscosity over the entire range of composi-
tion which indicates the dispersion forces between the unlike 
molecules. 
The excess tnermodynamic properties like excess viscosity 
and excess volume obtainable from the temperature and concen-
tration dependence of viscosity have been successfully 
employed^^'^"'' ' to provide necessary information regarding 
the natuie of intermolecular interactions. 
: 12 : 
33 Awwad, Akl M and co-workers , employed absolute reaction 
rate and free volume theories of viscosity to several binary 
liquid mixtures of n-alkane. It was found that the predicted 
viscosities were in poor agreement with experimmental results 
indicating the orientational effect in long chain alkanes. 
34 A. Sarkar and coworkers reported negative values of 
excess viscosity, t] , over the entire range of composition for 
the system diethylamine/triethylamine with isomeric butanols. 
The negative deviation has been ascribed to the dispersion 
forces. On the other hand positive deviation has been attri-
35 • 
buted to complex formation . The positive sign attributed to 
excess viscosity indicates ' a very strong interactions bet-
ween unlike molecules. 
4 
Most of the work on excess volume for binary system has 
38 been carried out by Mc Glashan and coworkers , Patterson and 
1 39,40 „ ^ , 41-44 c-x X ^ 
coworkers , Benson and coworkers , Street and co-
1 45 ^ w u ^ 1 46-48 
workers , and Marsh and coworkers 
29 49 50 The excess volume of mixing has been used * * to 
provide valuable information regarding the complex formation 
and molecular interactions in binary mixtures of non-electro-
lytes. The values of excess volume were found to be large 
and positive if unlike interactions among the molecular compo-
nents are weak. On the other hand the values of excess volume 
: 13 : 
were found to be negative in case of strong unlike inter-
molecular interactions. 
51 Manuel Gracia and coworkers , measured excess volumes 
of binary mixture of n-nondecane and n-undecane from density 
measurement, at various temperatures. The negative values of 
E 
V hdve been reported the maxima of which increases with the 
difference between chain lengths of mixture components and with 
temperature. 
Few investigations have been carried .out on the multi-
52-59 60 
component liquid mixtures . Marsh outlined the recent 
developments in techniques for measuring the excess functions 
of liquid mixtures as v;ell as properties of aliphatic hydro-
carbon and complex organic mixtures in terms various equation 
of states, interaction parameters and chemical equillibria. 
Rastogi independently reviewed the thermodynamic properties 
of ternary liquid mixtures and their molecular interactions. 
A critical review of various properties of multicomponent system 
has been given by Rowlinson and Swinton . • 
Bhajan S. Lark and coworkers reported excess volumes 
for two ternary system. It was found thdt excess of cyclo-
hexane favours formations of H-bonded acetone-chloroform 
complex. 
: 14 : 
64 Jata D. Pandey and coworkers reported excess volumes 
of several ternary organic liquid mixtures.' It has been found 
that the strength of interaction between two components is 
weakened by the third component, showing nearly the ideal 
behaviour of ternary system. 
The above considerations, therefore led to investigate 
the temperature and concentration dependence of density and 
viscosity of ternary liquid mixtures of cyclohexane + n-hexane+ 
n-heptane and to correlate them with their excess volume and 
excess viscosity. 
E X P E R I M E N T A L 
CHEMICALS AND THEIR PURIFICATION 
For the preparation of ternary mixture, purified and 
redistilled cyclohexane, n-hexane and n-heptane (all B.D.H.) 
were used. Purified Toluene and Quinoline (both B.D.H,) were 
used to calibrate the viscometer and pyknometer. 
Purification of Cyclohexane. Hexane and Heptane : Purification 
of these organic liquids were carried out by simple distillation. 
The distillation apparatus consisted of a distilling flask equi-
pped with a thermometer with its bulb in vapour space, a 
condenser, a recieving flask and a heating mantle. The liquid 
to be distilled was poured into the distilling flask and few 
fragments of porous porcelian were added to it to promote regular 
ebullition in the subsequent heating. After assembling the 
« 
apparatus, the water supply to the condenser was turned on to 
prevent the superheating. The flask was then heated rather 
rapidly until the liquid started to boil. The rate of heat was 
adjusted to collect the distillate at the rate of one or two 
drops per second. The distillate was collected in the reciever 
until a small volume of the liquid remained in the flask. 
65 Purification of Toluene : Commercial toluene contains methyl 
thiophene, b.p. 112-113 C, which cannot be removed by simple 
distillation. It was purified by shaking repeatedly with 15 
16 : 
percent of its concentrated sulphuric acid 'in a stoppered 
separating funnel until acid layer becomes colourless or pale 
yellow. After each shaking lasting a few minutes, the mixture 
was allowed to settle and the lower layer of acid was drawn 
off. The toluene was then shaked twice with water in order to 
remove most of the acid, once with 10 percent sodium carbonate 
solution, again with water and finally dried with anhydrous 
calcium chloride through an efficient column and the fraction, 
b.p. 80-81°C was 
distilled liquid 
 collected. Sodium wire was introcued into the 
APPARATUS 
A Cannon-ubbelohde viscometer employed for the measurement 
of viscosity was calibrated before use by the standard method. 
The viscometer consists of three parallel arms, viz., recieving 
measuring and auxiliary. The recieving arm makes U-shape with 
the measuring arm through the bulb. The measuring arm has two 
bulbs one over the other and a fine capillary. Two fiducial 
marks are provided on the two sides of the lower bulb associated 
with the measuring arm, were used to record the time of fall 
of the test* liquid. The viscometer was constructed in such a way 
that the centre of gravity of three bulbs was in one line to 
reduce the effect of acceleration due to gravity^so that 
experimental errors were minimized. 
: 17 : 
The densities were measured with the help of small bottom 
flask ( /- 5 cc capacity) filled with a graduated (0.01 ml 
divisions) stem which is called as pyknometer. 
TEMPERATURE CONTROL 
The thermostated bath consists of an electrical Stirrer, 
an immersion heater, a check and a contact thermometer. A 
control variable autotransformer (Dimmerstat type, 270/240 V) 
and a relay Jumo-type N.T. 15 0, 220 V -• 15 A (Germany) were 
used to control the variation in temperature. The overall 
stability in temperature was within +, 0.01°C. 
METHOD 
Calibration of pyknometer : The pyknometer was calibrated with 
65 purified quinoline of known density. The clean, dried and 
weighed pyknometer was filled (upto the lowest mark of the stem) 
with the purified quinoline and was again weigbed. Then the 
quinoline filled pyknometer was immersed in thermostate water 
bath maintained at 303.15, 308.15, 313.15, 318.15, and 323.15K 
During the calibration, the volume change in quinoline was 
recorded as function of temperature. Each mark of the stem was 
calibrated in such a way so as to read the corresponding volume 
based on the densities at the corresponding temperature. The 
stopper was opened for a while to avoid the air tension inside 
the pyknometer at each reading. The densities of quinoline were 
: 18 : 
calculated at the desired temperatures with the help of the 
following equations : 
f = 1.1090 - 0.7542xlO"^T - 0.1265xlO"^xT^ - 0.8xlO"^xT^.. .(7) 
where f is the density of quinoline and ..... (l) T is the 
temperature at each mark on the stem of pyknometer. 
Thus, the ratio of amount of quinoline taken to the above 
calculated densities at the respective temperatures yielded the 
volume of pyknometer at the corresponding marks on the stegi. 
Calibration of Viscometer : First of all the viscometer was 
well cleaned and dried. Then it was filled with purified and 
distilled toluene. The viscometer containing the test liquid 
should be sufficient to avoid the air bubble being introduced 
into the capillary arm while filling the fiducial bulb. The 
three arms of the viscometer were connected with the rubber -tubes, 
The open end of which were connected to anhydrous calcium chlo-
ride tubes to avoid the absorption of moisture. The other end 
of the rubber tube of measuring arm was attached to the stop 
cork through which the test liquia was sucked into the bulb by 
Vdccupet. After this viscometer was clamped vertically in 
thermostated water bath for about half an hour to minimize the 
fluctuation in temperature while recording the time of fall. 
The sample was sucked into bulb of measuring arm with 
: 19 : 
vaccupet by closing the tubes with cork, till it reached above 
the iTidrk, The cork was then removed and the time of fall of 
sample from upper fiducial mark to the lower fiducial marks was 
noted several times and the mean of almost three identical 
readings was determined at each of the temperature of measure-
ment. The time of fall of the sample was measured with the help 
of a stop watch. 
According to Poiseuille's equation, 
n -• 71 ^ ghr'^ t/SLV (8) 
where 'h' is the heights of the liquid column in the viscometer, 
•Q' is the density, g is the acceleration due to gravity, 'r* 
is the radius of the capillary of the viscometer, 'L' is the 
length and 't' is the time of fall of test liquid of volume 'V. 
The above given equation (8) may be expressed as 
n = e^t (9) 
where ^ = nr hg/8LV, a constant characteristic of viscometer. 
The accuracy of the calibrated viscometer was found to be within 
+ 0.05%. 
t 
Measurement of density and viscosity : The densities of pure 
cyclohexane, n-hexane, and n-heptane and those of their binary 
as well as ternary mixtures were measured with the help of cali-
brated pyknometer. After filling the pyknometer with test 
: 20 : 
liquid, it was immersed in the thermostated bath at the' desired 
temperature. The temperature of water bath was increased in 
such a manner so as to read the temperature at which the liquid 
reaches each of the marks on the stem in a successive manner. 
Similarly, the viscosity of pure components were measured with 
the help of the calibrated viscometer. The viscpmeter was filled 
with test liquid, connected with the three rubber tubes and was 
immersed in the water bath. The viscometer containing the sample, 
before taking the reading, was allowed to stand for about half 
an hour to minimize the thermal fluctuation. Then the time of 
fall of the liquid was recorded at various temperatures the 
range of which was taken over 303.15 to 323.15K. The mean of 
at least three readings of time of fall was used for the calcu-
lation of viscosity using essentially the above equation (9), 
^2 2^ 2 
where r^, is the viscosity of test liquid, TI_ is the viscosity 
of the reference liquid (Toluene), f,, t, and ^^ » ^o' ^^^ ^^^ 
densities and time of fall of test liquid those of the known 
liquid (Toluene). 
R E S U L T S A N D D I S C U S S I O N 
1. Densities : The densities of the three pure components, 
(cyclohexane, hexane and heptane) given in table 1 have been 
plotted at several temperatures (Fig. 1). The usual trend of 
decrease in density with increase in temperature has been 
noticed. Such a behaviour in most of the cases is known to be 
associated with decrease in the intermolecular interaction with 
increase in temperature. As a consequence of this volume of the 
liquid increases resulting in a decrease in its density. In 
other words, the decrease in density of the liquid indicates 
the weakening of intermolecular interactions with increase in 
temperature. The densities of their binary as well as ternary 
mixtures thus recorded (Tables II and IIIj increase with the 
increase in concentration of cyclohexane and n-heptane. The 
density of n-hexane has been found to increase successively with 
increase in the composition of cyclohexane (Table III). Similar-
ly, on addition of the third component (n-heptanc) the usual 
increase in density was recorded. This may be attributed to 
the fact that n-alkanes form random coils owing to rotation 
about their C-C bonds and such coils increase in size in chain 
length, consequently, an increase in concentrv^tion of chain 
length components results in a short of close packing of the 
molecules which contributes to the strong intermolecular inter-
actions . 
In a mixture of known composition the densities have been 
found to decrease with an increase in temperature as also 
recorded in the case of the pure components due to the weaking 
of the intermolecular interactions. 
: 22 : 
Table I. Calculated values of densities, f(g cm ) of the 
three pure components. 
T/K 303.15 308.15 313.15 318.15 323.15 
Components 
Cyclohexane 0.7694 0.7647 0.7602 '0.7551 0.7527 
n-hexane 0.6507 0.6461 0.6414 0.6367 0.6320 
n-heptane 0.6753 0.6710 0.6667 0.6626 0.6561 
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Table II. Calculated values of densities, ^(g cm ) of the 
two component systems: Cyclohexane (X,)+n-hexane.(X_). 
T/K 
MOLE FRACTION 
3 0 3 . 1 5 3 0 8 . 1 5 3 1 3 . 1 5 3 1 8 . 1 5 3 2 3 . 1 5 
0.000 
0.1186 
0.2324 
0.3416 
0.4466 
0.547 7 
0.6449 
0.7386 
0.8289 
0.9159 
1.000 
0.6507 
0.6655 
0.6785 
0.6915 
0.7045 
0.7176 
0.7310 
0.7404 
0.7503 
0.7604 
0.7694 
0.6461 
0.6617 
0.6746 
0.6875 
0.7010 
0.7186 
0.7285 
0.7376 
0.7459 
0.7560 
0.7647 
0.6414 
0.6580 
0.6712 
0.6837 
0.6951 
0.7097 
0.7244 
0.7345 
0.7418 
0.7517 
0.7602 
0.6367 
0.6542 
0.6667 
0.6808 
0.6911 
0.7067 
0.7198 
0.7204 
0.7370 
0.7470 
0.7551 
0.6320 
00.6504 
0.6632 
0.6769 
0.6872 
0.7037 
0.7175 
0.7244 
0.7324 
0.7443 
0.7527 
0.790 
0.750 
0.710 
°-e7o^ ^^^ 
0.6 3 o A ^ 
0 Q2 0.4 0.6 0.8 1.0 
Mole traction of cyclohexone 
Plots of density versus molefraction for system : 
Cyclohexane and n-hexane at • - 303.15 and 
^- 323.15K. 
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Table III. Calculated values of densities, ^(g cm" ) of the 
three component system : Cyclohexane (X,) + n-hexane 
(Xp) + n-heptane. 
Mole fraction Temperature in Kelvin  
X^ X2 303.15 308.15 313.15 318.15 323.15 
0.1254 0.8284 0.6686 0.6649 0.6614 0.6583 0.6553 
0.1871 0.7209 0.6825 0.6814 0.6802 0.6732 0.6718 
0.2482 0.6147 0.6994 0.6952 0.6921 0.685*6 0.6832 
0.3086 0.5095 0.7146 0.7110 0.7085 .0.7042 0.6985 
0.3683 0.4055 0.7243 0.7209 0.7147 0.7119 0.7075 
0.4275 0.3025 0.7344 0.7297 0.7269 0.7208 0.7196 
0.4860 0.2006 0.7469 0.7407 0.7387 0.7310 0.7289 
: 25 : 
2. Viscosity : The behaviour viscosities (Table IV) of the 
pure components (cyclohexane, n-hexane and n-heptane) with 
temperatuies have been displd/ed in Fig. 2. It may be seen that 
the viscosities show a gradual decrease in its values with 
incredse in temperature. This may be attributed to the fact 
that there are vaccancies or holes in the liquid through the 
agency of which the transport of the momentum takes place. In 
such a mechanism the liquid molecules move into these holes such 
that the molecules and the vaccancies move in the opposite dire-
ctions as a result of which the liquid flows. This process, 
however, requires some energy in the form o.f activation energy 
which varies from compound to compound and is to be surmounted 
for the continuance of the process. As this activation energy 
becomes incredsingly available with increase in temperature, the 
flow of li(^ uid molecules is fasilitated at higher temperatures. 
This results in decreasing the viscosity of the liquid with 
increase in temperature. It may also be seen from the Table IV 
that the viscosities of cyclohexane are higher than those of 
n-heptane which in turn are higher than those of n-hexane at the 
corresponding temperatures. Such a trend in the behaviour of 
viscosities is understandable in terms the increase in the chain 
length of n-alkanes and the closed ring structure of cyclo-
hexane molecules wnich , thus, show much higher viscosities due 
to increased interactions than those of two alkanes. 
: 26 : 
The viscosities of ternary mixtures (Table V) show gradual 
increase with increase in the concentration of cyclohexane and 
n-heptane due to random internal rotation about the C-C bonds.. 
This rotation brings the molecules close together, thus, increas-
ing the viscosity. This may also be explained in the light of 
the fact that empty sites have afforded by the second and third 
components. 
: 27-: 
Table IV. Calculdted values of viscosities, r\ (poise) of the 
three puie components 
T/K 303.15 308.15 313.15 318.15 323.15 
Components 
Cyclohexane 0.007971 0.007653 0.007343 0.007103 0.006925 
n-hexane 0.002898 0.002762 0.002636. 0;002518 0.002407 
n-heptane 0.003699 0.003514 0.003341 0.003181 0.003036 
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Table V. Calculated values of viscosities, T) (poise) of the 
three component system : Cyclohexane (X,) + 
n-hexane (X2) + n-heptane (X-) 
Mole Fraction Temperature in Kelvin 
303.15 308.15 313.15 318.15 323.15 
0.1254 0.8284 0.007398 0.007056 0.006949 0.006767' 0.006555 
0.1871 0.7209 0.007621 0.007271 0.007145 0.006952 0.006816 
0.2482 0.6147 0.007914 0.007552 0.007407 0.007196 0.007041 
0.3086 0.5095 0.008101 0.007671 0.007557 0.007312 0.007187 
0.3683 0.4055 0.008403 0.007961 0.007830 0.007579 0.007409 
0.4275 0.3025 0.008970 0.008488 0.008302 0.008056 0.007810 
0.4860 0.2006 0.009218 0.008711 0.008522 0.008272 0.008055 
: 29 : 
EXCESS PROPERTIES 
The deviation from ideality may be expressed in terms 
of excess properties which provide additional information 
about the nature of interactions (weak or strong). The excess 
volume and the excess viscosity values have, therefore, been 
obtained in the above cases. 
1. Excess Volume; The excess volume of mixing has' been 
Calculated from the density data of pure components and those 
of their mixtures using the following relations: 
v^ = V , - rx.v, = V , -x,v.-x^v^ 
mix i i i mix. 11 2 2 
^ M X + M X2 M,X, M X 
n—— p—' "5— (for two component 
\ ^1 <2 systems) 
(11) 
= V . - X-jV, - X^V„ - X-, (for 3 component systems) 
^1^1 -^  ^2^2 ^ ^ 3^3 ^1^1 ^2^2 ^3^3 ... (12) 
^ ^ h 2^ 3^ 
where X,, X^ and X-, are mole fractions of cycl-ohexane, n-hexane, 
ana n-heptane, respectively, M,, M^ and M^; <?i, ^^ and ^^ are 
the molecular weights and the corresponding densities of the 
three pure components i.e., cyclohexane, n-hexane and n-heptane; 
while C is the density of the corresponding mixtures, (binary or 
: 30 : 
ternary as the case may be). 
The calculated excess volumes are given in Tables VI and 
VII. The values of excess volume for binary system (cyclohexane 
+ n-hexane) have been plotted in Fig. 3. which shows usual 
trend in the behaviour of excess volume with composition. The 
excess volume of mixing are found to negative over the Entire 
concentratipn range at all the temperatures. These negative 
values of excess volume contribute to the strong intermolecular 
interaction. These may be two possible contributions towards 
the total excess volume of mixing : (i) the breaking up of the 
liquid structure into fragments or molecules and (ii) the 
geometrical adjustment or cooperative accomodation of the other 
component into their empty space (of the solvent). The first 
factor contributes towards the positive values whereas the nega-
tive values of excess volume of mixing are apparently the out 
come of the second factor. In case the empty sites (or space) 
of solvents are occupied by the solute molecules the contraction 
in volume results which, in turn, accounts for the negative 
excess volume. The excess volume of mixing has been expressed 
as : 
V^ - V^ size effect + V^ interaction 
Thus, the values of excess volume, due to interaction had 
a systematic trend with the increase in chain length of alkanes. 
The interaction due to size effect contributing to the values of 
E 
V are also effective at higher temperatures. 
: 31 : 
E 3 —1 Table VI. Calculated values of excess volume, V (cm mol ) for 
two component system : Cyclohexane (X,) + n-hexane (X^) 
T/K 303.15 308.15 313.15 318.15 323.15 
Mole 
fraction (X,) 
O.OOO 
0.1186 
0.2324 
0.3416 
0.4466 
0.5477 
0.6449 
0.7386 
0.8289 
0.9159 
1.000 
-0.5706 
-0.7595 
-0.9354 
-1.0967 
-1.2598 
-1.40644 
-1.0297 
-0.7000 
-0.4210 
-0.7398 
-0.9093 
-1.0675 
-1.1232 
-1.3906 
-1.8304 
-1.3385 
-0.7541 
-0.4706 
-0.9482 
-1.1673 
-1.2419 
-1.3324 
-1.5338 
-1.9382 
-1.5906 
-0.fc352 
-0.5114 
-1.1525 
-1.2405 
-1.6173 
-1.7241 
-1.8830 
-2-.0238 
-0.6329 
-0.8983 
-0.5738 
-1.3143 
-1.4173 
-1.6729 
-1.9243 
-2.0197 
-2.2324 
-1.8136 
-0.9436 
-0.6049 
I E 
o . 
E 
> 
-2.0h 
0.2 0.4 0.6 0.8 1.0 
Mole fraction of cyclohexcne 
Fig.3. Plots of excess volume, V versus molefraction 
of cyclohexane + n-hexane at •- 303,15 and 
o- 323.15K. 
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Table VII. Calculated values of excess volume, V^(cm mol" ) 
for the three component system ;'. Cyclohexane (X,) + 
n-hexane (X2) + n-heptane (X^) 
Mole fraction Temperature in Kelvin 
I I, I I 
X^ X^ 303.15 308.15 313.15 318.15 323.15 
0.1254 0.8284 -0.8005 -0.9893 -1.2362 -1.5782 -1.9237 
0.1871 0.7209 -1.0449 -1.2320 -1.4141 -1.9194 -2.3937 
0.2482 0.6147 -1.8356 -2.0343 -2.1717 -2.3741 -2.5387 
0.3086 0.5095 -2.1787 -2.2576 -2.8022 -3.0877 -3.1734 
0.3683 0.4055 -2.9874 -3.2478 -3.3014 -3.4691 -3.6368 
0.4275 0.3025 -2.6778 -2.8456 -2.9406 -2.9015 -3.2038 
0.4860 0.2006 -2.4670 -2.5759 -2.6774 -2.8100 -2.9245 
2. Excess Viscosity : The excess viscosity of ternary 
systemhes calculated using the following given equation 
where ri . is the viscosity of ternary mixture, i.e., cyclo-
hexane + n-hexane + n-heptane; X,, X^ and X^; ili, n^  ^'^'^ ^ 3 
are mole fractions and viscosities for three corresponding pure 
components respectively. 
The calculated values of excess viscosity for ternary 
system are recorded in Table VIII. The values of excess visco-
sity are positive over the entire range of composition and 
temperature indicating the strong intermolecular interactions. 
: 34 : 
c 
Table VIII. Calculated values of excess viscosity, r\ (poise; 
for the three component system : Cyclohexane (X,) 
+ n-hexane (Xj) + n-heptane (X^) 
Mole fraction Temperature In Kelvin 
X^ X^ 303.15 308.15 313.15 318.15 323.15 
0.1254 0.8284 0.003827 0.003646 0.003690 0.003644 0.003553 
0.1871 0.7209 0.003704 0.003528 0.003566 0.003519 0.003509 
0.2482 0.6147 0.003648 0.003473 0.003506 0.003449 0.003426 
0.3086 0.5095 0.003491 0.003263 0.003327 0.003258 0.003271 
0.3683 0.4055 0.003455 0.003213 0.003300 0.003222 0.003196 
0.4275 0.3025 0.003611 0.003436 0.003466 0.003402 0.003305 
0.4860 0.2006 0.003661 0.003336 0.003376 0.003318 0.003255 
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